Nitric oxide has been implicated in the pathogenesis of multiple sclerosis. However, it is still unclear whether nitric oxide plays a protective role or is deleterious. We have previously shown that peroxynitrite, a reaction product of nitric oxide and superoxide, is toxic to mature oligodendrocytes (OLs). The toxicity is mediated by intracellular zinc release, phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2), activation of 12-lipoxygenase (12-LOX) and the formation of reactive oxygen species (ROS). In this study, we found that the donors of nitric oxide, dipropylenetriamine NONOate (DPT NONOate) and diethylenetriamine NONOate (DETA NONOate), protected OLs from peroxynitrite or zinc-induced toxicity. The protective mechanisms appear to be attributable to their inhibition of peroxynitrite-or zincinduced ERK1/2 phosphorylation and 12-LOX activation. In cultures of mature OLs exposed to lipopolysaccharide (LPS), induction of inducible nitric oxide synthase (iNOS) generated nitric oxide and rendered OLs resistant to peroxynitrite-induced toxicity. The protection was eliminated when 1400W, a specific inhibitor of iNOS, was co-applied with LPS. Using MOG35-55-induced experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis, we found that nitrotyrosine immunoreactivity, an indicator of peroxynitrite formation, was increased in the spinal cord white matter, which correlated with the loss of mature OLs. Targeted gene deletion of the NADPH oxidase component gp91phox reduced clinical scores, the formation of nitrotyrosine and the loss of mature OLs. These results suggest that blocking the formation specifically of peroxynitrite, rather than nitric ox-ide, may be a protective strategy against oxidative stress induced toxicity to OLs. Published by Elsevier Ltd on behalf of IBRO.
Upregulation of inducible nitric oxide synthase (iNOS) and the generation of nitric oxide (NO) in reactive microglia/ macrophages is a common feature in multiple sclerosis (MS) (Smith and Lassmann, 2002; Hill et al., 2004; Saha and Pahan, 2006) . Although there is an increased understanding as to the physiological and pathological properties of nitric oxide in health and disease, the role of NO in the pathogenesis of MS is still not well defined (Encinas et al., 2005; Willenborg et al., 2007) . The sources of NO, the amount and sites of NO production, and the molecules NO reacts with might contribute to the great variability of the disease promoting or suppressing effects in MS.
NO is synthesized from the amino acid L-arginine by NO synthase (NOS). There are three major isoforms of NOS: neuronal NOS (nNOS), endothelial NOS (eNOS) and inducible NOS (iNOS). nNOS and eNOS are constitutively expressed and require calcium and calmodulin for activation, whereas iNOS is largely calcium independent and induced in inflammatory conditions (Knowles and Moncada, 1994) . Although nNOS and eNOS have been shown to be elevated in experimental autoimmune encephalomyelitis (EAE), one of the commonly used animal models of MS (Wu and Tsirka, 2009; Yao et al., 2010) , iNOS induction in reactive microglia/macrophages and astrocytes is believed to be the predominant source of NO (Broholm et al., 2004; Sun et al., 2010) . It is known that NO is neither a potent oxidant nor a strong reductant (Calabrese et al., 2009 ), but it can rapidly react with superoxide to produce the powerful oxidant peroxynitrite (Beckman et al., 1990; Pacher et al., 2007) . Uric acid, a competitive inhibitor of tyrosine nitration by peroxynitrite (Robinson et al., 2004) , and FeTPPS, a decomposition catalyst of peroxynitrite , have been shown to be protective in the EAE animal models of MS (Hooper et al., 1998; Cross et al., 2000; Hooper et al., 2000; Bolton et al., 2008) . These results are consistent with the findings that patients with MS and hyperuricemia are mutually exclusive (Spitsin et al., 2001; Scott et al., 2002) . Although several studies suggest that inhibitors of iNOS ameliorate EAE (Brenner et al., 1997; Hooper et al., 1997) , mice with targeted gene deletion of iNOS (iNOSϪ/Ϫ) are found to have an in-creased disease severity (Fenyk-Melody et al., 1998; Sahrbacher et al., 1998) . These results suggest that the interaction and balance between nitric oxide, superoxide and peroxynitrite might be critical in determining whether the combined action of these reactive nitrogen and oxygen species is protective or deleterious.
We have previously shown that peroxynitrite toxicity to mature oligodendrocytes (OLs) is mediated by intracellular zinc release, activation of extracellular signal-regulated kinase 1/2 (ERK1/2), 12-lipoxygenase (12-LOX) and the formation of reactive oxygen species (ROS) (Zhang et al., 2006) . We also found that 12-LOX activation contributes to OL toxicity induced by glutathione depletion . Similar to 5-LOX (Coffey et al., 2000 (Coffey et al., , 2002 , the activity of 12-LOX is also regulated by the intracellular redox status (Shornick and Holtzman, 1993) , and can be inhibited by nitric oxide (Nakatsuka and Osawa, 1994; Fujimoto et al., 1998; Coffey et al., 2001) . Therefore, it is likely that nitric oxide may attenuate peroxynitrite-induced toxicity to OLs via inhibition of 12-LOX. In this study, we found that both exogenously applied and endogenously generated nitric oxide is protective against peroxynitrite toxicity to OLs. The protective mechanisms appeared to be attributable to the direct interaction of nitric oxide with 12-LOX and the signaling molecules upstream of 12-LOX activation. Using myelin oligodendrocyte glycoprotein (MOG)-induced EAE mouse model, we found that mice with targeted gene deletion of gp91phox (gp91phoxϪ/Ϫ), a catalytic component of NADPH oxidase (Babior et al., 2002) , are resistant to EAE. These results suggest that although peroxynitrite, the reaction product of nitric oxide and superoxide, is toxic to OLs, nitric oxide per se can serve as a potent antioxidant and an anti-inflammatory agent. peroxynitrite, diethylamine NONOate (DEA NONOate) , dipropylenetriamine NONOate (DPT NONOate) and diethylenetriamine NONOate (DETA NONOate) were obtained from Cayman Chemical Co. (Ann Arbor, MI, USA). FluoZin-3, RhodZin-3, dihydrorhodamine 123 (DHR) and 2=,7=-dichlorohydrofluorescein diacetate (DCF) were purchased from Molecular Probes, Inc. (Eugene, OR, USA). All the culture materials were purchased from Gibco Life Technologies (Grand Island, NY, USA). Platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), and ciliary neurotrophic factor (CNTF) were purchased from Peprotech (Princeton, NJ, USA). All other reagents were obtained from Sigma (St. Louis, MO, USA).
EXPERIMENTAL PROCEDURES Materials

Oligodendrocyte culture
Primary cultures of OLs were prepared by shaking off the progenitor cells from mixed glial cell cultures as previously described Zhang et al., 2006) . Briefly, mixed primary glial cultures were prepared from 3 day-old Sprague-Dawley rats by dissociation of the brains after they were dissected from the pups. Cultures were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 20% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin in poly-lysine coated 75 cm 2 flasks incubated in 95% air/5% CO 2 , at 37°C. The media were changed three times per week until the cells were confluent (7-10 days). The flasks were then shaken for 1 h on an orbital shaker (200 rpm) at 37°C to remove microglia. They were then changed to new media and shaken overnight. The OL progenitor cells were detached from the astrocyte layer and were resuspended and seeded onto poly-ornithine coated plates [96-well (2ϫ10 5 cells/ plate), 24-well (4ϫ10 5 cells/plate)] in a basal chemically-defined medium (BDM) [DMEM with 1 mg/ml bovine serum albumin (BSA), 50 g/ml apo-transferrin, 5 g/ml insulin, 30 nM sodium selenite, 10 nM biotin, 10 nM hydrocortisone] plus 10 ng/ml of both PDGF and bFGF. The cells were maintained in BDM and the medium was half-changed three times per week. For culturing mature OLs, at day 7 OLs were changed to BDM plus 3,3=,5triodo-L-thyronine (T 3 ) (15 nM) and CNTF (10 ng/ml) and were half-changed three times per week for 2 weeks. At this stage, more than 95% of the cells were MBP positive (Baud et al., 2004; Wang et al., 2004) and were used for the experiments. The contamination of astrocytes and microglia was 1-2%, each.
Toxicity assay
The survival of cells after various treatments in 96-well plates were evaluated by visual inspection using phase contrast microscopy and quantified by using Alamar Blue (Trek Diagnostic Systems, Inc., Westlake, OH, USA), a viability assay that was previously described and validated by cell counting using Trypan Blue exclusion . In all experiments, the culture plates were first washed twice with Hank's Balanced Salt Solution (HBSS) containing 0.1% BSA and then placed in Earle's Balanced Salt Solution (EBSS, which is composed of 116 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgSO 4 , 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 and 5.5 mM D-glucose). OLs were treated with SIN-1, a peroxynitrite donor, peroxynitrite or zinc chloride (ZnCl 2 ) for 2 h, washed twice with HBSS containing 0.1% BSA, and then placed in BDM with T3 and CNTF. Unless specifically described, donors of nitric oxide were applied 15 min before, during and after the cells were exposed to SIN-1, peroxynitrite or ZnCl 2 . After the cells were incubated for 20 -24 h, the culture medium was replaced with EBSS plus a 1:100 dilution of Alamar Blue. After a 2 h exposure, the fluorescence of the Alamar Blue solution in each well in the plates was read at room temperature in a fluorescent plate reader (SpectraMax Germini XS, GMI Inc., MN, USA) with excitation wavelength at 530 nm and emission wavelength at 590 nm. The data from Alamar Blue assays matched the results from visual inspection.
Measurement of intracellular cGMP
Intracellular cGMP content was assayed by enzyme-linked immunoassay (Amersham, Piscataway, NJ, USA). Cultures were washed twice and medium was replaced by EBSS in the absence or presence of DPT-NONOate, SIN-1, and their combination. The nonspecific phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX) at 100 M was present in all conditions. After 30 min treatment with DPT-NONOate and SIN-1, medium was replaced with 200 l of releasing reagent provided in the kit. The plates were agitated for 20 min at room temperature, and 20 l of acetylation reagent was added. After 5 min, 50 l samples were taken for assaying the intracellular content of cGMP.
Fluorescence imaging of intracellular liberation of zinc
Changes in intracellular free zinc concentration in OLs were monitored with a high affinity, zinc selective indicator, FluoZin-3 (Gee et al., 2002) . OLs in 24-well plates were loaded with FluoZin-3 (1 M) for 30 min, washed with HBSS containing 0.1% BSA, and then treated with SIN-1 (1 mM) in the absence or presence of DPT-NONOate (30 M) for 60 min. The fluorescence imaging of intracellular zinc was monitored immediately using digital fluorescence microscopy (Nikon TE-2000) with a 20ϫ objective (excitation at 485 nm, emission at 530 nm). For all images, the microscope settings, such as brightness, contrast and exposure time, were held constant to compare the relative intensity of intracellular zinc fluorescence across all treatment conditions. For quantitative analysis, OLs in 96-well plates were loaded with FluoZin-3 (2 M) or RhodZin-3 (2 M) for 30 min, washed twice, and then treated with SIN-1 (1 mM) in the absence or presence of DPT-NONOate (30 M) for 60 min. The fluorescence intensity, an indicator of intracellular zinc liberation, in each well was read at excitation and emission pairs, 485 nm/530 nm and 550 nm/575 nm, for FluoZin-3 and RhodZin-3, respectively.
Measurement of 12-LOX activity
12-LOX activity was measured by quantifying the major metabolic product of 12-LOX, 12-hydroxyeicosatetraenoic acid (12-HETE), by ELISA (Assay Designs Inc., Ann Arbor, MI, USA). OLs were treated with SIN-1 with/without DPT-NONOate for 60 min. After the cultures were washed twice with HBSS containing 0.1% BSA, arachidonic acid (20 M) in EBSS was added to the culture which was then incubated for 30 min. The medium was then collected, extracted and assayed for 12-HETE according to the manufacturer's protocol. The concentration of 12-HETE in each sample was normalized to the sample's protein concentration.
Measurement of intracellular ROS generation
Intracellular free radical generation was evaluated with DHR and DCF (Molecular Probes, Eugene, OR, USA) as we previously described Zhang et al., 2006) . Briefly, after the cells in 24-well and 96-well plates were treated with SIN-1 with/ without DPT-NONOate for 60 min, they were loaded with DHR (20 M) or DCF (20 M) for 30 min in EBSS (95% air/5% CO 2 , 37°C). After the loading solution was removed, the cells in the wells were washed and incubated in EBSS. For fluorescence imaging of the oxidized DHR, cells in 24-well plates were visualized using a digital fluorescent microscope (Nikon TE-2000) with a 20ϫ objective. For all images, the microscope settings, such as brightness, contrast and exposure time, were held constant to compare the relative intensity of oxidized rhodamine across all treatment conditions. The DCF fluorescence of the cells in each well was measured and recorded in the fluorescent plate-reader described above (with excitation wavelength at 480 nm and emission wavelength at 530 nm and temperature at 37°C).
Western blot analyses
At various time points after SIN-1 or zinc treatment, OLs were placed on ice. Following medium aspiration, cells were washed once with ice-cold phosphate-buffered saline, and lysed with lysis buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM glycerolphosphate, 1 mM Na 3 VO 4 , and 1 mM phenylmethylsulfonyl fluoride. An aliquot of cell lysate was removed for later protein determination. Cell lysate was mixed with Laemmli buffer, boiled for 5 min, and stored at Ϫ20°C. Equal amounts of protein were separated by 4 -12% SDS-PAGE and electrotransferred to a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h and then incubated overnight at 4°C with the primary antibodies for phosphorylated ERK1/2, total ERK1/2 (Cell Signaling, Beverly, MA, USA) and iNOS (BD Biosciences Pharmingen) diluted at 1:1000 in TBST containing 5% BSA. After washing four times with TBST, the membrane was incubated for 1 h at room temperature with a horseradish peroxidase-conjugated anti-rabbit secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted at 1:4000. The membranes were washed again as above and visualized by enhanced chemiluminescence (ECL) according to the manufacturer's protocol (PerkinElmer Life Sciences).
For protein tyrosine nitration assay in the cell-free system, BSA (0.5 mg/ml) in EBSS with or without DPT-NONOate, DETA-NONOate and FeTPPS was exposed to SIN-1 for 1 h, and then 4ϫ Laemmli buffer was added. After the samples were heated for 5 min, 2 g protein per lane was subjected to SDS-PAGE analysis, followed by transfer to PVDF membrane and reacted with a mouse anti-nitrotyrosine monoclonal antibody (Upstate Biotechnology, Lake Placid, NY, USA). Protein was visualized with a horseradish peroxidase-conjugated sheep anti-mouse secondary antibody followed by detection with ECL.
Mice
Female 7-9-week-old gp91phox knockout mice (gp91phoxϪ/Ϫ) on a C57BL/6J background and age matched C57BL/6J control mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Animal care and experimental procedures were carried out in accordance with the NIH guideline and approved by the Uniformed Services University Animal Care and Use Committee. For gp91phoxϪ/Ϫ and control mice without EAE induction, animals underwent the same procedures, except no MOG peptide was injected. Each group had eight animals. Animals were monitored blind by two independent observers from day 10 onwards and neurological signs were assessed as follows: 0, normal mouse; 1, piloerection, tail weakness; 2, tail paralysis; 3, tail paralysis plus hind limb weakness/paralysis; 4, tail, hind and fore limb paralysis; 5, moribund/death, using increments of 0.5 points for intermediate clinical findings. The onset of EAE was defined as the first day an animal showed a clinical score Ն0.5.
Induction and clinical evaluation of EAE
Immunohistochemistry (IHC)
Animals were euthanized using a combination of ketamine and xylazine solution (90 mg ketamine/10 mg xylazine per ml, i.p.), then intracardially perfused with ice cold 1 M phosphate buffer followed by 4% paraformaldehyde (Sigma, St. Louis, MO, USA) in 1 M phosphate buffer. Spinal cords were dissected out prior to post-fixation in 4% paraformaldehyde at 4°C overnight. Tissue was then cryoprotected in 30% sucrose (Sigma) in 1 M phosphate buffer at 4°C overnight. After being cryoprotected the tissue was embedded in Tissue Tek OCT (Sakura, Torrance, CA, USA) and stored at Ϫ80°C until utilization. Transverse sections of lumbar spinal cords were cut at 14 m with a cryostat (Leica model CM1900, Bannockburn, IL, USA) and mounted onto Superfrost plus slides (Fisher, Pittsburgh, PA, USA) for immunohistochemical analysis. For identification of activated microglia/macrophages, we used F4/80 antibody (eBioscience, San Diego, CA, USA). Nitrotyrosine reactivity in spinal cord white matter was examined using an anti-nitrotyrosine polyclonal antibody. Mature OLs were stained with antibody for CC1 (Calbiochem, San Diego, CA, USA).
Statistics
Cell densities in lumbar spinal cord white matter were manually counted with areas measured using Spot 2 software. Statistical significance in vitro and in vivo assays was assessed using ANOVA with the Tukey-Kramer post hoc multiple comparison test. Statistical analysis was performed using the Instat program from GraphPad Software (San Diego, CA, USA). Experiments were performed with triplicate samples, and the data are expressed as meanϮSD. All experiments were repeated at least three times.
RESULTS
Effects of nitric oxide donors on peroxynitrite toxicity to mature OLs
Although nitric oxide is able to react with superoxide to form the powerful oxidant, peroxynitrite, nitric oxide per se can function as an antioxidant (Thomas et al., 2008; Sun et al., 2010) . It has been shown previously that several donors of nitric oxide prevent cysteine depletion induced toxicity to OLs . DPT-NONOate and DETA-NONOate, with half-lives of 3 h and 20 h (Mooradian et al., 1995) , respectively, had significant protective effects, whereas DEA-NONOate, with a short half-life of only 2.1 min (Maragos et al., 1991) , did not exert any protection. The failure of DEA-NONOate to protect OLs from injury is likely due to the fact that there is no continuous release or sustained effective concentrations of nitric oxide available to antagonize the late oxidative stress triggered by glutathione depletion. Using the same nitric oxide donors, we tested the role of nitric oxide on SIN-1, a peroxynitrite generator, as well as peroxynitrite induced toxicity to mature OLs. As shown in Fig. 1 , DPT-NONOate and DETA-NONOate protected against SIN-1 or peroxynitrite induced toxicity to mature OLs in a concentrationdependent manner. DPT-NONOate at 30 M near fully attenuated peroxynitrite toxicity. The maximal protection of DETA-NONOate was found at 100 M. However, DEA-NONOate either at 30 M or 100 M did not have any protective effect.
To exclude the possibility that nitric oxide may react with peroxynitrite directly, we examined whether protein nitration evoked by SIN-1 can be altered by the presence of nitric oxide donors. Consistent with our previous findings (Zhang and Rosenberg, 2002) , SIN-1 at 1 mM caused a strong tyrosine nitration of BSA in a cell-free system. The nitration was completely blocked by FeTPPS (10 M), a decomposition catalyst of peroxynitrite, but not by DPT-NONOate (30 M and 100 M) or DETA-NONOate (100 M). Protein nitration was not found when the BSA solution was treated by DPT-NONOate, DETA-NONOate and FeTPPS themselves ( Fig. 2A) .
It is known that nitric oxide can activate soluble guanylyl cyclase (sGC), resulting in the production of cGMP (Murad et al., 1993) . If the generation of nitric oxide by nitric oxide donors is affected by the presence of SIN-1, the production of cGMP in OLs is likely to be altered. Exposure of OLs with DPT-NONOate (30 M) or SIN-1 (1 mM) for 30 min caused a four-fold increase in the production of cGMP. The combination of DPT-NONOate and SIN-1 did not have any additive or suppressive effect (Fig. 2B ). This result suggests that the effective nitric oxide concentration gen-erated by DPT-NONOate is not reduced by the presence of SIN-1.
To further exclude the possibility that a direct interaction of nitric oxide donors with SIN-1 may reduce the availability of peroxynitrite, donors of nitric oxide were added at various times after initiation of OLs exposure to peroxynitrite. Because the half life of peroxynitrite is only a few seconds at physiological pH (Szabo et al., 2007) , delayed addition of nitric oxide is expected to prevent the direct interaction of nitric oxide with peroxynitrite. Similar to the results obtained by co-administration of donors of nitric oxide and peroxynitrite, delayed addition of DPT-NONOate (30 M) and DETA-NONOate (100 M) at 30 min following peroxynitrite exposure significantly protected OLs from toxicity (Fig. 2C ). However, no protection was observed when nitric oxide donors were added 60 min after peroxynitrite treatment (Fig. 2C) . These results suggest that the protective effects of various donors of nitric oxide not only depend on the amount and the duration of nitric oxide released, but also depend on the direct interaction of nitric oxide with the signaling molecules activated at the selective time window following oxidative stress. 
Nitric oxide blocked SIN-1 induced 12-LOX activation and ROS generation
We have found that peroxynitrite toxicity to mature OLs is mediated by 12-LOX activation and the subsequent generation of ROS (Zhang et al., 2006) . To test whether the protective effects of nitric oxide are due to its inhibition of 12-LOX activity and blockade of ROS generation, mature OLs were treated with SIN-1 for 60 min, and the activity of 12-LOX and the generation of ROS were assessed. Using ELISA, we examined the activity of 12-LOX by measuring the 12-LOX metabolic end product, 12-HETE. We found that exposure of OLs to SIN-1 for 60 min induced a significant increase of 12-LOX activity (Fig. 3A) . The level of 12-LOX activity in SIN-1 (1 mM, 1 h) treated OLs was 150Ϯ8% (meanϮSD, nϭ3) of control. DPT-NONOate at 30 M completely blocked SIN-1 induced activation of 12-LOX (Fig. 3A) . To test the effect of nitric oxide on ROS generation, mature OLs were treated with SIN-1 for 60 min, and then exposed to DHR or DCF for 30 min. SIN-1 at 1 mM caused a dramatic increase of ROS generation, as indicated by the elevation of DHR fluorescence. DPT-NONOate (30 M), did not cause ROS generation, but completely blocked the generation of ROS induced by SIN-1 (Fig. 3B) . The same result was also found when the ROS generation was quantified using DCF as an indicator. SIN-1 caused a time-dependent increase of ROS generation, which was almost completely blocked by DPT-NONOate (Fig. 3C ).
DPT-NONOate reduced SIN-1 induced intracellular zinc release and ERK1/2 phosphorylation
As we have shown previously, 12-LOX activation in mature OLs induced by SIN-1 occurs downstream of intracellular zinc release and ERK1/2 phosphorylation (Zhang et al., 2006) . Therefore, it is possible that donors of nitric oxide may directly interact with these signaling molecules. Mature OLs were treated with SIN-1 in the absence or presence of DPT-NONOate (30 M) for various times (0, 15, 30, 60, 90 and 120 min), and then lysed for determining the levels of the phosphorylated and the total ERK1/2 by western blot analysis. SIN-1 (1 mM) induced phosphorylation of ERK1/2 appeared at 60 min, and further increased at 90 min and 120 min. The increased ERK1/2 phosphorylation was significantly attenuated by DPT-NONOate (30 M) (Fig. 4A) . Using densitometric analysis, we found that DPT-NONOate resulted in a 40 -50% reduction in the ratio of the phosphorylated and the total ERK1/2 at 60, 90 and 120 min after SIN-1 treatment (Fig. 4B ).
Similar to other oxidizing agents (Aizenman et al., 2000) , SIN-1 was also found to liberate zinc from intracel- Fig. 2 . The protective effect of nitric oxide donors on peroxynitrite toxicity is not due to the direct interaction between nitric oxide and peroxynitrite. (A) DPT and DETA did not attenuate protein nitration evoked by SIN-1. BSA (0.5 mg/ml) in EBSS was exposed to SIN-1 (1 mM) for 1 h either alone or in the presence of DPT, DETA or FeTPPS. BSA nitration caused by SIN-1 was not affected by the presence of nitric oxide donors, but completely blocked by FeTPPS, a decomposition catalyst of peroxynitrite. A representative experiment of three that were performed is shown. (B) DPT and SIN-1 enhanced cGMP accumulation in OLs. OLs were treated with DPT (30 M), SIN-1 (1 mM), DPT plus SIN-1 for 30 min, and then lysed for measurement of the intracellular cGMP content. DPT and SIN-1 both caused a 4-fold increase of cGMP. The combination of DPT and SIN-1 had no additional effect. *** PϽ0.001 was obtained when the DPT, SIN-1, and DPT plus SIN-1 (DPT/S) treated groups were compared with the control group. Data shown are pooled from three different experiments. (C) Delayed treatment of DPT or DETA on OL toxicity induced by peroxynitrite. Cultures that were exposed to 300 M peroxynitrite (PN) were given DPT (30 M) or DETA (100 M) at various times (0, 30 and 60 min) following PN exposure and the toxicity was assessed at 24 h. Simultaneous administration of DPT and DETA with PN resulted in 98Ϯ11% and 75Ϯ6% protection, respectively. Delayed addition of DPT or DETA at 30 min following PN exposure also protected against PN toxicity. Cell survival in the presence of DPT and DETA was 80Ϯ6% and 35Ϯ11%, respectively. Protective effects were not observed when the nitric oxide donors were given at 60 min following PN exposure. ** PϽ0.01 and *** PϽ0.001 were obtained when the DPT-and the DETA-treated groups (nϭ3) were compared with the PN group alone (nϭ3). lular stores and zinc containing proteins, such as metallothionins Zhang et al., 2006) . It is known that nitric oxide can cause intracellular zinc release by nitrosation of the zinc binding proteins (Maret, 2006) . These results lead us to hypothesize that nitric oxide and peroxynitrite may have an additive or a synergistic effect in causing intracellular zinc liberation. Surprisingly, DPT-NONOate (30 M) itself did not cause zinc release. It also had no effect on zinc liberation induced by SIN-1 (Fig. 4C ). Using a quantitative analysis, we found that treatment with SIN-1 for 1 h caused a three-fold increase in the intracellular fluorescence intensity of FluoZin-3, which was not altered by the presence of DPT-NONOate. The same result was also found when RhodZin-3, another novel and highly selective zinc indicator (Sensi et al., 2003) , was used (data not shown).
Donors of nitric oxide attenuated ERK1/2 phosphorylation, ROS generation and OL toxicity induced by exogenous zinc
To further determine whether the protective effects of nitric oxide on peroxynitrite induced toxicity to mature OLs are due to their interference with the cell death pathways triggered by zinc, rather than blocking zinc release, we tested the effects of nitric oxide donors on OL toxicity induced by exogenous zinc. Similar to the protective effects on SIN-1 or peroxynitrite induced toxicity, DPT-NONOate and DETA-NONOate showed significant protection against OL toxicity induced by ZnCl 2 (300 M) ( Fig. 5A ). On the other hand, DEA-NONOate had no effect. As suggested previously, the different efficacy of these donors of nitric oxide might be due to their different half-lives and the effective concentrations of nitric oxide interacting with molecules implicated in cell death. Consistent with the protective mechanisms against peroxynitrite toxicity, donors of nitric oxide also attenuated zinc-induced ERK1/2 phosphorylation (Fig.  5B , C) and ROS generation (Fig. 5D ).
Mature OLs in culture preconditioned with LPS are resistant to SIN-1 induced toxicity
It has been demonstrated that the expression of iNOS in cultures of OLs is not derived from OLs, but from the contamination of microglia and astrocytes (Hewett et al., 1999) . Our culture preparation of OLs typically contains more than 95% OLs, 1-2% microglia and 1-2% astrocytes Zhang et al., 2006) . Because of the presence of only small numbers of microglia and astrocytes, treatment of these cultures with LPS can result in iNOS induction and NO production without damaging OLs. We speculated that pretreatment of cultures with LPS (5 g/ml) for 24 h could enable OLs resistant to SIN-1 or peroxynitrite induced toxicity. Indeed, we found that without LPS preconditioning, cell viability in the presence of SIN-1 (0.5 mM) was 40Ϯ7%, and the cell viability increased to 80Ϯ10% when the preconditioned cultures were exposed to SIN-1 (Fig. 6A) . To determine whether the protective effects of LPS preconditioning is due to the generation of nitric oxide, rather than other factors released from reactive microglia, cultures of mature OLs were also treated with 1400W, a selective inhibitor of iNOS, in the presence of LPS. As shown in Fig. 6A OLs were treated with SIN-1 for 60 min in the absence or presence of DPT (30 M) and then exposed to DHR for 30 min. SIN-1 caused an increase of ROS generation, which was attenuated by DPT. A representative experiment of three that were performed is shown. (C) OLs were treated with SIN-1 for 60 min in the absence or presence of DPT (30 M) and then exposed to DCF for 30 min. SIN-1 caused a time-dependent increase of ROS generation, which was almost completely blocked by DPT. The data are pooled from three different experiments. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
( Fig. 6A) . Consistently, we also found that SIN-1-induced ERK1/2 phosphorylation in cultures of OLs was attenuated by LPS pretreatment and the reduction was reversed when 1400W was co-applied (Fig. 6B ). The effect of 1400W seems to be due to its reduction of iNOS expression ( Fig. 6B ) and the production of nitric oxide (Patel et al., 2004; He et al., 2010) . The same results were also found when the LPS pretreated cultures were exposed to exogenous zinc (data not shown).
Mice with targeted genes deletion of gp91phox are resistant to EAE
Nitric oxide has long been suggested to be involved in the pathogenesis of MS (Bagasra et al., 1995; Hooper et al., 1997; Giovannoni et al., 1998; Brundin et al., 1999) . However, it is still controversial whether nitric oxide is protective or detrimental to the disease (Brenner et al., 1997; Hooper et al., 1997; Fenyk-Melody et al., 1998; Sahrbacher et al., 1998; Dalton and Wittmer, 2005; Jack et al., 2007) . The switch between the protective and the toxic effects of nitric oxide seems to be determined, at least in part, by the simultaneous generation of super-oxide. NADPH oxidase is the primary source of superoxide in reactive microglia/macrophages. To determine the role of NADPH oxidase in the pathogenesis of MS, EAE was induced in mice with targeted gene deficiency of gp91phox, a catalytic component of the NADPH oxidase complex. As shown in Fig. 7 , the clinical scores were significantly reduced in gp91phoxϪ/Ϫ mice when compared to the wild type mice after EAE induction. Consistently, the typical loss of body weight observed in EAE wild type mice was prevented when EAE was induced in gp91phoxϪ/Ϫ mice. At 28 days following EAE induction, the density of mature OLs labeled by CC1 in the spinal cord white matter was dramatically reduced in the wild type mice, but not in the knockout animals ( Fig.  8A ). Immunoreactivity to nitrotyrosine, indicative of peroxynitrite formation, was dramatically increased in the spinal cord white matter of the EAE wild type mice, which correlated with the loss of mature OLs (Fig.  8B) . Nitrotyrosine immunoreactivity was not apparent in gp91phoxϪ/Ϫ mice (Fig. 8B) . Microglia reactivity observed in the EAE wild type mice was not present in the gp91phoxϪ/Ϫ EAE mice (data not shown). OLs were treated with SIN-1 (1 mm) for 1 h, and then loaded with FluoZin-3 for 30 min. In the presence of DPT (30 M), the fluorescence observed at 60 min following SIN-1 exposure was reduced. A representative experiment of three that were performed is shown. (D) OLs in 96-well plates were treated with SIN-1 (1 mm) for 1 h, and then loaded with FluoZin-3 for 30 min. After washing, the fluorescence intensity (FI) of FluoZin-3 was immediately quantified and recorded using a fluorescence plate reader. *** PϽ0.001 was obtained when the SIN-1 treated groups were compared to the control groups in the absence and presence of DPT. The data shown are pooled from three different experiments.
DISCUSSION
A growing body of evidence has shown that peroxynitrite, a reaction product between nitric oxide and superoxide near a diffusion-controlled rate, plays a pathogenic role in MS and the animal counterpart, EAE (Cross et al., 1997 (Cross et al., , 1998 Hooper et al., 1998 Hooper et al., , 2000 Scott et al., 2002; Bolton et al., 2008) . Although the scavengers or the decomposition catalysts of peroxynitrite are consistently shown to ameliorate EAE (Cross et al., 2000; Hooper et al., 2000; Scott et al., 2002; Bolton et al., 2008) , pharmacological inhibitors or genetic deletion of iNOS and NADPH oxidase, the primary enzymes for nitric oxide and superoxide production in reactive microglia or macrophages, often produce opposing results, with both beneficial and deleterious effects observed (Brenner et al., 1997; Hooper et al., 1997; Fenyk-Melody et al., 1998; Sahrbacher et al., 1998; van der Veen et al., 2000 van der Veen et al., , 2004 Hultqvist et al., 2004) . These results indicate that the interaction and the combined action between nitric oxide, superoxide and peroxynitrite are likely one of the potential determinants in the survival or death of OLs, the myelin producing cells in the CNS. Nitric oxide is a weak oxidant, but the simultaneous generation of superoxide in close proximity to nitric oxide can result in the production of peroxynitrite, the most po-tent oxidant so far identified (Beckman et al., 1990; Beckman and Koppenol, 1996) . Therefore, the outcome of the prooxidant versus the antioxidant properties of nitric oxide is highly dependent upon the production of superoxide. If the ratio of nitric oxide and superoxide is not favorable to the formation of peroxynitrite, increased production of nitric oxide may be protective, rather than destructive, when cells are exposed to the oxidative environments.
It has been reported that nitric oxide and peroxynitrite have contrasting effects toward axonal injury and demyelination in MS (van der Veen and Roberts, 1999; Touil et al., 2001) . OLs are found to be resistant to nitric oxide, but more susceptible to the toxicity of peroxynitrite (Jack et al., 2007; Bishop et al., 2009 ). However, the mechanisms underlying the action of nitric oxide and peroxynitrite in OLs are unclear. In this study, we have found that ERK1/2 phosphorylation and 12-LOX activation, which are the critical components of peroxynitrite-mediated OL toxicity (Zhang et al., 2006) , can be attenuated by exogenously, as well as endogenously generated nitric oxide. Interestingly, we found that 1400W, a selective iNOS inhibitor, also attenuated the expression of iNOS as reported by others (Patel et al., 2004; He et al., 2010) . The mechanism for this inhibition is unclear. It is possible that the initial NO pro- duction from iNOS may lead to the release of cytokines, which can further enhance the expression of iNOS. The use of 1400W may interrupt a cycle begetting further inflammation and iNOS expression (Patel et al., 2004) . Consistent with the role of nitric oxide on cysteine depletion induced toxicity , donors of nitric oxide with half lives of at least hours (such as DPT-NONOate and DETA-NONOate), but not a few minutes (such as DEA-NONOate) protected against peroxynitrite or zinc induced toxicity. It is unlikely that a direct interaction between nitric oxide and peroxynitrite is attributable to the observed effect of nitric oxide on the basis of the following findings: (1) donors of nitric oxide did not affect SIN-1 evoked protein nitration in a cell-free system; (2) nitric oxide-induced cGMP accumulation was not affected by the presence of SIN-1; and (3) delayed addition of nitric oxide donors, which prevents the direct interaction between nitric oxide and peroxynitrite, also significantly attenuated peroxynitrite induced toxicity. These results suggest that the direct interaction of nitric oxide with the cell death signaling molecules, rather than with peroxynitrite itself, may contribute to the antioxidant effects of nitric oxide. Nitric oxide is an important signaling molecule with diverse biological properties (Calabrese et al., 2007 (Calabrese et al., , 2009 . Under physiological conditions, nitric oxide can react with iron (II) of the sGC, inducing a conformational change, and subsequently activating protein kinase G and protein phosphorylation (Garthwaite and Boulton, 1995) . Fig. 6 . LPS pretreatment enabled mature OL cultures resistant to SIN-1 induced toxicity and ERK1/2 phosphorylation. (A) Mature OL cultures were treated with LPS (5 g/ml) for 24 h, and then treated with SIN-1 (0.5 mM) for 2 h. Toxicity was examined at 18 -24 h. LPS preconditioning enabled mature OLs to be resistant to SIN-1 induced toxicity. The protection was eliminated when 1400W (10 M) was used together with LPS. 1400W itself did not affect OL toxicity induced by SIN-1. *** PϽ0.001 was obtained when the LPSϩSIN-1 group was compared with the other groups in the presence of SIN-1. The data shown are pooled from four different experiments. (B) LPS pretreatment enabled OLs resistant to SIN-1 induced ERK1/2 phosphorylation. OLs were pretreated with LPS, 1400W alone or in combination (LPSϩW) for 24 h, followed by 1 h SIN-1 (1 mM) treatment. Cell lysates were used to detect the expression of iNOS, phosphorylated ERK1/2 (pERK1/2) and total ERK1/2. ␤-actin was used as a loading control. Treatment of cultures with LPS for 24 h induced iNOS expression and attenuated the ERK1/2 phosphorylation induced by SIN-1. The reduction of ERK1/2 phosphorylation was reversed when the selective iNOS inhibitor 1400W was co-administered with LPS. Notably, the expression of iNOS was also inhibited by 1400W. Pretreatment of cultures with 1400W had no effect on iNOS induction and ERK1/2 phosphorylation induced by SIN-1. LPSϩW refer to LPSϩ 1400W. A representative experiment of three that were performed is shown. However, it seems unlikely that activation of sGC contributes to the protective effect of nitric oxide, because the protection of nitric oxide against SIN-1 toxicity is not affected by the presence of 1 H-[1,2,4] oxadiazolo[4,3-a] quinoxaline-1-one (ODQ), a selective inhibitor of sGC (data not shown). Nitric oxide can also mediate its biological effects via sGC independent pathways including protein nitrosation in many different cell types (Chung et al., 2005; Szabo et al., 2007; Calabrese et al., 2009 ). This posttranslational modification can either increase or decrease the protein function depending upon which protein is specifically targeted. It has been demonstrated that 5-LOX, the enzyme catalyzing the hydrolysis of arachidonic acid for the production of inflammatory leukotrienes, can be directly inhibited by nitric oxide (Coffey et al., 2000 (Coffey et al., , 2002 . Nitric oxide was also reported to directly inhibit the activity of 12-LOX (Nakatsuka and Osawa, 1994; Fujimoto et al., 1998; Coffey et al., 2001) . The inhibitory action of nitric oxide to LOXs is suggested to be due to its reaction with the nonheme ions in the enzymes. It is also likely that nitrosation of the LOXs contribute to the inhibitory action of nitric oxide. Similar to the report that 5-LOX can be phosphorylated by MAPK-activated protein kinase (Werz et al., 2000) , it is possible that 12-LOX can be directly, or indirectly, phosphorylated by ERK1/2 (Zhang et al., 2006) . Therefore, the inhibitory action of nitric oxide on 12-LOX may be, at least partially, due to its attenuation of ERK phosphorylation.
We have previously shown that peroxynitrite toxicity to mature OLs is mediated by intracellular zinc release (Zhang et al., 2006) . Although the exact sources of labile zinc is unclear, metallothioneins, the low molecular weight and cysteine-rich metal binding proteins, may be one of the major sources from which zinc is released typically in response to thiol oxidization (Maret, 2000) . Similar to the redox agent 2,2=-dithiodipyridine (DTDP) (Aizenman et al., 2000) , peroxynitrite can oxidize the cysteine residues of metallothioneins to readily release zinc ions (Zhang et al., 2006 (Zhang et al., , 2007 . Although many studies have suggested that nitric oxide can also liberate zinc from metallothioneins and the other intracellular zinc stores (St Croix et al., 2002; Spahl et al., 2003; Maret, 2006; Suh et al., 2008) , we found the nitric oxide donor DPT-NONOate either used at 30 M or 100 M (data not shown) did not cause zinc release. DPT-NONOate had no effect on zinc liberation by peroxynitrite suggesting that nitric oxide can interact with the downstream signaling molecules activated by zinc. The partial inhibition of ERK and the complete blockage of 12-LOX activity by nitric oxide suggest that nitric oxide may block 12-LOX activity by its direct inhibition of the enzyme and its interference with the upstream pathways leading to 12-LOX activation. In addition, the antioxidant effect of nitric oxide may be also due to its direct reaction with alkoxyl and peroxyl intermediates during lipid peroxidation induced by peroxynitrite, thus terminating lipid radical chain propagated reactions (Rubbo et al., 1994 (Rubbo et al., , 2000 Baker et al., 2009) . EAE induced by myelin proteins is a commonly studied animal model of MS, which is characterized by T cell infiltration through a compromised blood-brain barrier. T cells interact with macrophage/microglia to affect disease progression by production of cytokines, chemokines, and nitric oxide. Although the initial response of reactive microglia/macrophages is phagocytosis of damaged cells or tissues, increased production of the detrimental factors by microglia/macrophages can cause cytotoxicity. NADPH oxidase is believed to be the primary superoxide producing enzyme in reactive microglia and macrophages (Sun et al., 2007) . It is a heterocomplex that is composed of p47phox, p67phox, gp91phox, p22phox, and rac2 (Rotrosen et al., 1993) . Two of these subunits, p22phox and gp91phox are integral membrane proteins forming a heterodimeric flavocytochrome that is the catalytic core of the complex. The remaining components are cytosolic proteins. Upon activation, these cytosolic proteins translocate to the plasma membrane and form a functional heteromeric complex that associates with the membrane-bound heterodimer (Brown et al., 2003) . Activated NADPH oxidase binds FAD and NADPH, resulting in a flow of electrons to oxygen to yield superoxide. Studies have shown that pharmacological inhibitors or targeted gene deletion of iNOS and gp91phox are protective against reactive microglia-induced toxicity to neurons and OLs in culture (Xie et al., 2002; Li et al., 2005) . Although a number of studies have shown that deletion of iNOS potentiates the disease severity of EAE (Fenyk-Melody et al., 1998; Sahrbacher et al., 1998; van der Veen et al., 2000 van der Veen et al., , 2004 Hultqvist et al., 2004; Farias et al., 2007) , the contribution of NADPH oxidase in the pathogenesis of EAE has not been well elucidated. It has been reported that targeted gene deletion of p47phox can either increase or decrease the severity of several autoimmune diseases (van der Veen et al., 2000 (van der Veen et al., , 2004 Hultqvist et al., 2004) . In this study, we found that EAE in gp91phoxϪ/Ϫ mice is ameliorated, supporting the notion that peroxynitrite plays a pathogenic role in EAE. It also suggests that without oxidation by superoxide, nitric oxide is likely to have immnosuppresive and anti-inflammatory effects (van der Veen et al., 2000) . Our study also indicates that nitric oxide can attenuate peroxynitrite toxicity to OLs by directly targeting the cell death pathways involving ERK1/2 phosphorylation and 12-LOX activation. Taken together, these results suggest that blocking the formation specifically of peroxynitrite, rather than nitric oxide, may be a protective strategy against oxidative stress induced toxicity to OLs in diseases such as MS.
